We present the design, fabrication and characterization of efficient fiber-to-chip grating couplers on a Germanium-on-Silicon (Ge-on-Si) and Germanium-on-silicon-on-insulator (Ge-on-SOI) platform in the 5 µm wavelength range. The best grating couplers on Ge-on-Si and Ge-on-SOI have simulated coupling efficiencies of -4 dB (40%) with a 3 dB bandwidth of 180 nm and -1.5 dB (70%) with a 3 dB bandwidth of 200 nm, respectively. Experimentally, we show a maximum efficiency of -5 dB (32%) and a 3 dB bandwidth of 100 nm for Ge-on-Si grating couplers, and a -4 dB (40%) efficiency with a 3 dB bandwidth of 180 nm for Ge-on-SOI couplers. References and links 1. P.A. Werle, "Review of recent advances in semiconductor laser based gas monitors", Spectrochim. Acta Mol.
Introduction
Besides the traditional applications of telecom and datacom, integrated photonics finds its use in other fields, such as optical gas sensing, which is a vital element in several industrial, medical and environmental applications. The mid-infrared (midIR) wavelength range is of particular interest for these applications due to the orders of magnitude higher optical absorption crosssection in this range as compared to the telecom and visible wavelength range [1] [2] [3] [4] . Up to this point multiple platforms have been suggested for the implementation of midIR photonic integrated circuits (PICs), some of which are suspended Si membrane [5] , silicon-on-sapphire (SOS) [6] and graded index GeSi platform [7] which also finds its application in non-linear photonics [8] . While bulk Si is considered transparent only up to 8 µm wavelength, Ge has low losses in the 2-14 µm wavelength range [9] , which -together with its compatibility with standard CMOS/MEMS processes -makes it suitable for the implementation of midIR gas sensor PICs for this wavelength range. Recently, Ge-on-Si and Ge-on-SOI have emerged as platforms for sensing applications beyond 4 µm wavelength [9] . The Ge-on-Si platform has the advantage over the other mid-IR platforms of simple fabrication and wider transparency window. Unlike the Ge-on-Si platform, the Ge-on-SOI stack has an extra SiO 2 layer which allows for more efficient integrated heaters [10] . Fabrication of devices on this platform can take advantage of this SiO 2 layer to perform under-etching step on parts of the PIC. In contrast to suspended Si platform, only certain parts of PICs that necessitate under-etching to enhance their performance, such as gratings and heaters, would be suspended in air which makes this platform more robust and also enables implementation of larger devices that would otherwise be difficult to suspend entirely, for instance arrayed waveguide gratings (AWGs) and planar concave gratings (PCGs).
Considerable research is geared towards the integration and miniaturization of various optical components for the midIR on these platforms, such as AWGs and PCGs [11] [12] [13] [14] , grating couplers and low loss waveguides [6, [15] [16] [17] [18] [19] [20] , ring resonators [12, 21, 22] and quantum cascade laser (QCL) source integration [24] . Packaging, as well as wafer-level testing of these optical devices requires the implementation of efficient fiber-to-chip grating couplers.
The efficiency of a grating coupler is limited by its directionality (power difracted towards the fiber with respect to power in the waveguide) and the overlap between a fiber mode and the field difracted by the grating towards the fiber. Many approaches have been suggested to improve the directionality, especially on telecommunication wavelength range, such as slanted gratings [25] , a substrate mirror [26] or a silicon overlay [27] . The fabrication of the slanted gratings or substrate mirror is not CMOS compatible and it is very complex, while the use of amorphous silicon limits the thermal budget. Other designs yielded equally efficient grating couplers due to optimization of the overlap between the fiber mode and scattered field of the grating [28] [29] [30] . However, experimentally characterized grating couplers in the mid-IR have proven to have lower efficiency then the couplers at telecom wavelength range [17] [18] [19] .
In [15] we report our first results on Ge-on-Si grating couplers for the 5 µm wavelength range. In this paper we elaborate on the design, fabrication and characterization of the devices. We also present high-efficiency grating coupler on the Ge-on-SOI platform. As the vision is that these PICs will be butt-coupled to a QCL emitting TM polarized light, our couplers are optimized for TM polarization. We focus our work on the wavelength range of our QCL, the 5.15-4.45 µm wavelength range. In this wavelength region we can find absorption lines of acetylene, formic acid, ammonia and many other compounds of interest [31].
Coupler Design and Measurements

High-level overview of the grating coupler designs
The schematic cross-sections of the grating structures designed on the Ge-on-Si and Ge-on-SOI platform are shown in Fig. 1a and b, respectively. For the Ge-on-Si platform we use a standard second order grating structure with a uniform grating period and duty cycle. For the Ge-on-SOI platform we have designed a more complex grating structure to optimize the coupling efficiency. In fact, a fourth order grating is used, comprising of a uniform and apodized grating section. Secondly, the SiO 2 layer is locally removed to enhance the coupling efficiency further, as the reflectivity of the Si/air interface is larger than the reflectivity of the Si/SiO 2 interface.
The wave-vector diagrams for both cases assuming a uniform grating are shown in Fig. 2 . The Si bottom cladding supports the propagation of several diffraction orders for the fourth order grating. Generally, for the same layer stack, it is expected that second order gratings exhibit higher coupling efficiency than fourth order gratings due to the larger number of diffraction orders in the latter case. However, at the Si/air interface these higher diffraction orders undergo total internal reflection -as indicated in Fig. 2 b) by the blue circle representing the length of the k-vectors in air -whereby they are 'recycled' in the structure. This results in only a single diffraction order propagating in the air gap towards the silicon substrate. By properly optimizing the layer structure the power in this downwards diffracted field can be minimized, thereby maximizing the directionality of the grating structure towards the optical fiber. Note that the total reflectivity of the substrate comprises the coherent addition of a reflection at the Si-air and air-Si substrate interface, therefore the buried oxide layer thickness also has an impact in the case of the Ge-on-SOI coupler. To further increase the fiber coupling efficiency we implemented an apodization where the etched feature w e changes linearly from w e,start to w e,end and where w f is determined by: Fig. 2 . Vector diagram of a second order Ge-on-Si grating (a) and a fourth order Ge-on-SOI grating (b) with the buried oxide layer locally removed. The allowed diffraction orders in air (solid arrows) and Si under-cladding (dashed arrows) are also indicated p(n e + n f )/2 = w e n e + w f n f (1) where p is the period of the corresponding grating coupler with the same etch depth when the duty cycle is constant and equal to 0.5, optimized for a given fiber angle. w e and n e are the width of the slit and the effective index of the fundamental TM mode in the slit respectively, while w f and n f are the width of the unetched part and effective index of the fundamental TM mode of the unetched part of the grating respectively. Another feature of the grating is that it has n a grooves at the entrance of the grating coupler structure with uniform duty cycle dc 0 and period p 0 , which makes the perturbation of the waveguide caused by the grating less abrupt and reduces reflection in the waveguide when coupling from the PIC to the fiber. This section is marked as section A in Fig. 1 . The sections A and B are designed with the same etch depth. The proposed design is a trade-off between the complexity of the grating structure, both in terms of device optimization and fabrication, and the fiber-to-chip coupling efficiency. The parameters are optimized for maximal efficiency at a wavelength of 5.2 µm.
Measurement setup
The measurement setup is schematically shown in Fig. 3 . Light from the free-space emitting external cavity QCL (Daylight solutions) operating in continuous wave (CW) is coupled to an InF single mode fiber with a mode field diameter of 17 µm at 5.2 µm wavelength. Between the laser and the fiber coupler we have a Babinet-Soleil polarization control element and a chopper. Fig. 3 . The measurement setup. A control PC sets the wavelength of the QCL in CW mode through the QCL controller. The light from the laser goes through the Babinet-Soleil polarization control element and the chopper that turns the QCL output into a 50% pulsed signal which is then coupled to the single mode InF fiber by a chalcogenide objective lens. The device transmission is measured by a pre-amplified InSb detector and a lock-in amplifier that receives the reference from the chopper and sends the detected signal back to the control PC. A wire grid polarizer and a thermal detector are used to determine the fraction of light in the TM polarization at the input of the grating. The QCL power is measured on the InSb detector, by connecting directly the two fiber connectors -dashed grey line on diagram
The chopper turns the CW light into 50% duty cycle pulses and hence allows us to detect the signal using a pre-amplified InSb detector and a lock-in amplifier. With the polarization control element we maximize the transmission through the device at the central wavelength. This way we ensure that most of the light is TM polarized at the output facet of the fiber, as the gratings are optimized for TM polarization. Since the fibers are not polarization maintaining we measured the TM fraction of light R T M as a function of wavelength at the output facet of the input fiber by placing a wire grid polarizer and a thermal detector under the fiber facet. The fact that the light is not perfectly linearly polarized across the wavelength range of interest is taken into account in the calculation of the coupling efficiency. The loss caused by the difference in length of the fiber when measuring the transmission through the chip (full grey line in Fig. 3 ) and when measuring the QCL power P QCL directly (dashed grey line in Fig. 3) is not negligible in the wavelength range of interest and is evaluated from [32] . The fiber loss ranges from 1-2.5 dB/m over the considered wavelength range. Taking all of this into account, the efficiency η(λ ) of a single fiber-to-chip grating coupler is given by
where P trans (λ ) is the power received by the detector when coupled through the chip, A f iber (λ ) is the attenuation caused by the difference in fiber length mentioned earlier, and the 3 dB comes from the fact that we measure the transmission through two couplers.
Grating Coupler for the Ge-on-Si platform
When designing a uniform second order grating coupler for the Ge-on-Si platform, we optimized the period of the grating to ensure that maximal coupling is achieved at the central wavelength of interest. We additionally optimized the duty cycle and the etch depth of the grat- ings to achieve the best directionality of our structure and maximum overlap of the diffracted field profile with the fiber mode. Other parameters taken into consideration are the angle between the fiber and the vertical y-axis, and the position of the fiber on the x-axis parallel to the grating. The number of grooves was kept constant at 30. All simulations were performed using a 2D finite-difference-time-domain solver. The best simulated TM coupler for Ge-on-Si with 2 µm thick Ge device layer, has a period of 1.45 µm and an etch depth of 0.9 µm with a duty cycle of 0.8 (defined as the width of the unetched Ge grating teeth and the grating period). The optimal fiber angle for the coupler is 5 o . A maximum coupling efficiency of 40% with a 3 dB bandwidth of 180 nm is obtained (see the top graph in Fig. 4(b) ). The best lateral overlap of the fiber mode and the fundamental TM grating mode was achieved for a 27.5 µm wide grating.
A cross-section and top-view picture of the realized grating coupler structures is shown in Fig. 4(a) . The couplers, together with the waveguides, were etched in one step by a CF 4 /H 2 plasma using a titanium/chromium mask. The mask was defined by e-beam lithography using a positive resist and lift-off process. After the etching process the metal mask was removed by HF wet etching.
Experimentally, a fiber-to-chip coupling efficiency of 30% and a 3dB bandwidth of about 100 nm is obtained (see the bottom graph in Fig. 4(b) ). In Fig. 5 we show the impact of the grating etch depth and germanium waveguide layer thickness on the fiber coupling efficiency, as a function of the fiber-to-chip grating angle. By varying the etch depth or the Ge thickness within ±100 nm of the optimal value we lose less than 5% in maximum coupling efficiency which means that our design has high tolerance to fabrication imperfections.
Grating Coupler for the Ge-on-SOI platform
In our Ge-on-SOI design we have fixed the thicknesses of the Ge layer to 2 µm. The SiO 2 layer was also fixed to 2 µm, because of the commercial availability of such SOI wafers. The thickness of the Si layer is to be optimized such that we maximize the directionality of the grating, as discussed above. However, the Si layer has to be thicker than 3 µm so that the loss of the optical mode is not enhanced by the overlap with the SiO 2 layer, which is heavily absorbing in the wavelength range of interest. The optimized coupler has a period of p = 2.88 µm, an etch depth of h = 0.5 µm, with w e,start = 1.4 µm and w e,end = 0.5 µm. Section a has n a = 2, a period of p 0 = 1.8 µm and a duty cycle of dc 0 = 0.5. The thickness of the Si layer in this case is 3.2 µm. The angle of the fiber is 10 o . The Ge-on-SOI coupler with these parameters has a simulated coupling efficiency of about 70% and a 3dB bandwidth of 200 nm, as shown in the top graph of Fig. 6(b) .
A top-view image and schematic view of the fabricated grating coupler structure is shown in Fig. 6(a) . We have locally under-etched the grating by accessing the SiO 2 layer through narrow openings in the Si layer and by HF wet etching of the oxide layer. The rest of the SiO 2 layer serves as support such that the free-standing structures would not collapse. The couplers, together with the waveguides, were etched in one step by CF 4 /H 2 plasma using a titanium/chromium mask. The mask was defined by e-beam lithography using a positive resist and lift-off process. After the etching process the mask was removed by HF wet etching. The measured device has a maximum efficiency of 40% and a 3 dB bandwidth of 180 nm estimated by interpolation (Fig. 6(c) ). In Fig. 7 we show the dependence of the maximum coupling efficiency on different parameters (the thickness of the silicon cladding h Si , the thickness of the buried oxide layer h SiO 2 , the thickness of the Ge waveguide layer and the grating etch depth). Due to the interference mechanism in the layers under the grating, efficiency strongly depends on the layer thicknesses in the substrate. Up to 10% can be lost in maximum coupling efficiency by varying the thicknesses of the Ge or Si layer within ±50 nm of the optimal value. The insertion loss is dependent on the thickness of the SiO 2 layer -by changing the thickness of this layer by ±100 nm we can lose up to 5% in maximum coupling efficiency. The difference in the maximum simulated and measured efficiency is attributed to the fabrication imperfections.
Comparing to the Ge-on-Si design, this coupler is less tolerant to fabrication imperfections, as it has more parameters whose small variations can contribute to a decrease in the peak efficiency.
Conclusion
We have reported efficient Ge-on-Si and Ge-on-SOI grating couplers for the 5µm wavelength range. According to our simulations, the best uniform TM grating couplers for the Ge-on-Si waveguide platform have a coupling efficiency of 40% with a 3dB bandwidth of 180 nm. A reasonable match with the measured device with 30% maximum efficiency and a 100 nm 3 dB bandwidth is obtained. The best simulated locally free-standing grating coupler for the Ge-on-SOI platform has a coupling efficiency of 70% and a 3dB bandwidth of 200 nm, while the fabricated device has a maximum efficiency of 40% and an estimated 3dB bandwidth of 180 nm. These structures will enable the wafer-scale testing of mid-infrared photonic integrated devices realized on a wafer-scale. The high performance on the Ge-on-SOI waveguide platform is particularly interesting, as the buried oxide layer also allows the integration of efficient thermo-optic tuning elements on the platform as described in [10] . This waveguide platform can enable next generation mid-infrared photonic integrated circuits for applications in spectroscopic sensing.
